Human embryonal carcinoma (EC) cells typically require high cell densities to maintain their characteristic phenotype; they are generally subject to differentiation when cultured at low cell densities, marked by changes in morphology and expression of the surface antigen, SSEA-1. To test whether cadherin mediated cell-to-cell adhesion may be responsible for maintaining an EC phenotype we ascertained that human EC cells generally express E-and P-cadherins, and are subject to cadherin mediated, Ca 21 dependent aggregation. However, in the NTERA2 human EC cell line, inhibition of cadherin mediated adhesion by culture in low levels of Ca 21 did not result in the changes typically seen under low cell density conditions. Low Ca 21 levels also did not affect the pattern of differentiation in these cells following induction with retinoic acid. Therefore, cadherin-mediated cell adhesion does not appear to play a role in maintaining an EC phenotype. On the other hand, culture at both low cell density and in the absence of Ca 21 did result in changes in the patterns of cadherin expression suggesting a feedback regulatory effect of cell-to-cell adhesion. Further, lithium which inhibits the cytoplasmic kinase GSK3b and hence in¯uences b-catenin levels did cause differentiation of NTERA2 cells. However, consideration of the phenotype of the resultant cells suggested that this effect may be because of lithium mimicking activation of a Wnt signalling pathway, rather than an effect on signalling consequent upon cadherin mediated cell to cell adhesion. q
Introduction
The cadherins comprise a family of cell adhesion molecules that mediate Ca 21 -dependent, homophilic cell to cell contact (Takeichi, 1995) . These proteins are involved in establishing and maintaining solid tissues. They play a fundamental role during embryonic development, and changes in cadherin expression correlate with many morphogenetic events that involve cell adhesion, cell sorting and cell migration (Takeichi, 1988; 1995) . Their highly conserved intracellular domain has binding sites for the cytoplasmic plaque proteins b-catenin and plakoglobin (PKG) which connect cadherins to the cytoskeleton via acatenin, an interaction that is vital for adhesion (Knudsen and Wheelock, 1992; Rimm et al., 1995; Aberle et al., 1996) .
In addition to interacting with the cadherins and the cytoskeleton, b-catenin and PKG bind to the HMG-type transcription factor, LEF-1, causing its translocation to the nucleus, where it can induce gene activity (Behrens et al., 1996; Huber et al., 1996b) . The stability of b-catenin and PKG in the cytoplasm is controlled by the tumor suppressor gene product, APC, and the serine/threonine kinase, glycogen synthase kinase 3b (GSK-3b) (Peifer, 1996) : GSK-3b phosphorylates b-catenin which is then degraded by APC Yost et al., 1996) . The Wnt genes oppose down-regulation of b-catenin and PKG by inactivating GSK-3b (He et al., 1995; Papkoff et al., 1996) . This suggests a note for signalling associated with cadherinmediate cell adhesion in the regulation of cell differentiation (Klymkowsky and Parr, 1995; Huber et al., 1996a; BenZe'ev, 1997) . Indeed, in Drosophila, overexpression of Ecadherin results in a wingless (the Drosophila Wnt-1 homologue) mutant phenotype (Sanson et al., 1996) , whereas overexpression of E-cadherin in Xenopus embryos inhibits expression of the dorsal mesoderm markers, MyoD and Goosecoid (Haesman et al., 1994) .
Embryonal carcinoma (EC) cells are the stem cells of teratocarcinomas, a subset of germ cell tumors that contain They present a caricature of early embryogenesis and provide a useful tool for investigating aspects of embryonic cell differentiation (Martin, 1980; Andrews, 1988) . A large number of human EC cell lines have now been described (Andrews and Damjanov, 1994) . A common feature of many of these human EC cell lines is a requirement for culture at high cell density to maintain a characteristic EC phenotype that is typi®ed by the expression of the globoseries glycolipid antigens SSEA-3 and SSEA-4 Kannagi et al., 1983) and the high molecular weight glycoprotein antigen TRA-1-60 and T-A-1-81 ( Andrews et al., 1984a) , and by the absence of the lactoseries glycolipid antigen, SSEA-1 Andrews, 1988) . In these respects human EC cells differ from murine EC cells which are typically SSEA-3 2 / SSEA-4 2 /SSEA-1 1 (Solter and Knowles, 1978; Shevinsky et al., 1982; Kannagi et al., 1983) . For example, the cloned human EC cell lines 2102Ep and NTERA-2 undergo marked changes in morphology, with the induced expression of SSEA-1, when cultures are seeded at low cell densities in contrast to high cell density (Andrews et al., 1982; 1984b) . Conditioned medium from high density cultures does not prevent this low density-induced`differentiation', and we hypothesised that generally the maintenance of a human EC phenotype requires short range cell to cell signalling that might involve cell to cell contact (Andrews et al., 1982) .
Whereas many human EC cell lines appear to be subject to`low density' induced differentiation, few respond to retinoic acid (Matthaei et al., 1983) . However, one human EC cell that does respond is the NTERA-2 line, which differentiates extensively into a range of cell types, including neurons, when cultured in the presence of retinoic acid (Andrews, 1984; Fenderson et al., 1987) . This differentiation is characterized by the induced expression of a variety of genes, including a member of the Wnt family, Wnt-13 (Katoh et al., 1996; Wakeman et al., 1997) . Although retinoic acid-induced differentiation of NTERA-2 cells is largely distinct and more extensive than low density induced differentiation, a small number of cells appearing after retinoic acid induction resemble those in low density cultures and also express SSEA-1 (Fenderson et al., 1987) .
To determine whether cell to cell signalling associated with cadherin mediated cell to cell adhesion might play a role in maintaining the typical phenotype of human EC cells, we have now characterised the expression and function of E-,P-and N-cadherins, and their associated catenins, in a range of human EC cell lines and during the differentiation of the pluripotent EC cell line, NTERA-2.
Results

Ca 21 -dependent aggregation of human embryonal carcinoma cells
We performed aggregation experiments to quantify Ca 21 -dependent cell to cell adhesion in human EC cell lines. Cells were trypsinized in the presence of 2 mM Ca 21 to protect cadherins from degradation (Takeichi, 1977) . Subsequent washing of the cells with Ca
21
-free HBSS yielded single cell populations. Reaggregation was induced by the addition of 1 mM Ca 21 . The EC cell line NTERA-2 aggregated extensively in the presence of 1 mM Ca 21 for 60 min (Fig. 1A,B) . We used forward angle light scatter¯ow cytometry to quantify the Ca 21 -induced shift from single cells to aggregates, setting regions that encompassed either dead cells and debris, single live cells, aggregates and/or large aggregates (Fig. 1C,D) . The shift of particles from the single cells to aggregates was limited in the absence of Ca 21 (Fig.  1E) . The number of NTERA-2 single cells reduced to 12% of the initial number after 120 min in the presence of 1 mM Ca 21 ( Fig. 2A) . The number of aggregates increased for about 60 min although there was a lag (Fig. 2B) , and the number of aggregates subsequently decreased due to the clustering and formation of a few very large aggregates (insert in Fig. 2B ). The lag in the appearance of aggregates was probably due to the initial formation of doublets, a proportion of which were not distinguished from single cells, therefore resulting in a decrease in the number of single cells, without an increase in number of aggregates. We did observe some aggregation in the absence of Ca 21 , indicating the presence of additional aggregation systems independent of Ca 21 . The Ca
-associated aggregation of NTERA-2 cells was temperature-dependent (Fig. 3A) and did not occur at 48C, indicating that aggregation is an active process. Further, trypan blue staining after 120 min revealed that all aggregates consisted of live cells, whereas the cells that did not participate in aggregation consisted of both live and dead cells, again indicating that cell to cell aggregation is an active process. Aggregation was dependent on the Ca 21 -concentration, with maximal aggregation at 1 mM or higher (Fig. 3B) . However, these higher concentrations resulted in an increased cell death during the assay (data not shown). Other human EC cell lines, including 2102Ep cl 4D3, N2102Ep cl 2A6, 833KE, TERA-1 and 1777N-Rp also exhibited Ca
-dependent aggregation (data not shown).
Cadherin and catenin expression in human EC cells
To establish which cadherins are expressed by human EC cells we performed western blot analysis, focusing on the best characterised cadherins, E-, P-and N-cadherin (Fig. 4) .
The EC cell lines 2102Ep cl 4D3, N2102Ep cl 2A6, 833KE, TERA-1 and 1777N-Rp cells all expressed similar levels of E-cadherin. However, NTERA-2 pluripotent EC cells expressed dramatically lower levels of E-cadherin and, in some experiments, this was not detected at all (Fig. 4) . On the other hand, NTERA-2 and, to a lesser extent, TERA-1 were the only lines in which N-cadherin was detected. Pcadherin expression was similar in all cell lines tested.
Interconnection of the cadherins to the cytoskeleton is vital for their ability to mediate cell adhesion. The cytoplasmic domain of the cadherins interacts closely with b-catenin and PKG; these proteins then interact with a-catenin, which in turn binds to actin ®bers (Knudsen et al., 1995; Rimm et al., 1995; Aberle et al., 1996) . All the cell lines expressed acatenin, b-catenin and PKG although the levels in NTERA-2 cells were lower in comparison with the other cell lines (Fig. 5) . In addition to the principal band, additional faster migrating bands were detected in each case, one with antia-catenin, two with anti-b-catenin and one or two with anti-PKG antibody. Hypophosphorylation of these proteins has been reported to result in an increased electrophoretic mobi- lity (Stambolic et al., 1996; Yost et al., 1996) , and it is likely that the minor bands represent differently phosphorylated isoforms.
The effects of Ca
21
-depletion or lithium on the differentiation of NTERA-2 cells When NTERA-2 cells are cultured under high density conditions (i.e. plating . 5 £ 10 6 cells/75 cm 2¯a sk), they form, like most human EC cell lines, a tightly packed layer of cells with indistinct boundaries, little cytoplasm and prominent nucleoli ( Fig. 6A) (Andrews et al., 1984b) . By contrast, and also like other human EC cell lines, these cells adopt a large,¯attened morphology ( Fig. 6B ) when cultured at much lower densities (i.e. plating ,10 5 cells/75 cm 2 ask). At the same time expression of SSEA-1 is up-regulated ( Fig. 7A) (Andrews et al., 1984b) . Differentiation of NTERA-2 cells, unlike other human EC cells, is also induced by exposure to all trans-retinoic acid (Fig. 6E ) (Andrews, 1984) . In this case, the changes in surface antigen phenotype are much more extensive, entailing loss of the EC marker antigens SSEA-3 and TRA-1-60, and the induction of ganglioseries antigens (e.g. A2B5) as well as SEEA-1 (Fig. 7C) (Fenderson et al., 1987) .
To determine whether intercellular signalling associated with cadherin-mediated cell to cell adhesion might play a role in maintaining an EC cell phenotype at high cell density, we tested the effect of cell culture in medium depleted of Ca 21 to inhibit cadherin-mediated cell adhesion. Further, since any signal transduction associated with the cadherins is likely to involve b-catenin, we also tested whether lithium, which inhibits the enzyme GSK-3b, a key regulatory of b-catenin stability (Yost et al., 1996) might also in¯uence the maintenance of an EC phenotype.
When NTERA-2 cells, plated at high cell density, were cultured in medium containing various reduced concentrations of Ca 21 , (0, 0.05, 0.2 and 1.8 mM, the normal value), some cell death was observed in the ®rst 24 h, but the surviving cells proliferated at a similar rate to control cells. Under Ca 21 depleted conditions the cells adopted a rounded morphology with reduced cell to cell contact, although they remained attached to the substratum (Fig.  6C) . During a 7-day culture period, there was no loss of the EC cell marker antigens, SSEA-3 and TRA-1-60, nor induction of the differentiation marker antigens SSEA-1, as seen in low density culture, nor A2B5 as seen after retinoic acid induction (Fig. 7B) . Further, retinoic-acid induced differentiation followed a similar path in the presence and absence of Ca 21 (data not shown), while aggregates of NTERA-2, produced to ensure optimal cell to cell contact, also differentiated similarly in response to retinoic acid, compared to single cells (data not shown). Thus, cell to cell adhesion based upon the cadherin system does not seem to contribute to maintenance of an EC phenotype, as indicated by these surface antigen markers.
By contrast to the lack of effect of low Ca 21 , lithium did appear to induce the differentiation of NTERA-2 EC cells. Large¯at cells formed in NTERA-2 cultures grown in the presence of 7.5 mM lithium chloride for 7 days (Fig. 6D ), similar to those formed in low density cultures (Fig. 6B) . However, lithium-treatment resulted in a more marked dose-dependent decrease in the expression of the EC cell surface antigen, SSEA-3, and a correspondingly more marked increase in the expression of the differentiation antigen SSEA-1, without a change in expression of TRA-1-60 and A2B5 antigens (Fig. 7D) . Morphologically, the lithium induced cells also resembled the small patches of large¯at cells that typically form in retinoic acidinduced cultures (Fig. 6E) , and the pattern of antigen expression by these cells was also similar (Fenderson et al., 1987) . evident by comparison to high density EC cells or to differentiated retinoic acid-induced cultures (Fig. 8) . Low cell density conditions had no obvious effect on the already low level of E-cadherin expression, but caused a drop in P-cadherin and an increase in N-cadherin expression. Low Ca 21 conditions, and also retinoic acid-induced differentiation, also caused a similar marked drop in P-cadherin and an increase in N-cadherin expression. By contrast, lithium treatment resulted in a modest up-regulation of E-cadherin, no signi®cant fall in P-cadherin, and only a small increase in N-cadherin expression. Mostly only minor changes in the expression of a-and b-catenin and PKG were observed (Fig. 9) . However, under low Ca 21 -concentrations, PKG was down-regulated beyond the detection limits, while lithium-treatment and retinoic acid treatment led to an increased expression of both larger and smaller isoforms of PKG. These results with the cadherins and catenins could be consistent with the view that low Ca 21 causes similar but more extreme changes to those caused by culture of low cell density, perhaps because low Ca 21 is more effec- tive at eliminating cell to cell contact than low density alone. On the other hand the effect of lithium seems to be quite distinct.
Discussion
Our results indicate that human EC cells generally express an active, cadherin-dependent cell to cell adhesion mechanism. Indeed all the human EC cell lines tested, with the exception of NTERA-2, expressed E-and P-cadherin at substantial levels. In the early mouse embryo E-cadherin is expressed by the primitive ectoderm and endoderm and in the later embryo by epithelial cells. P-cadherin is detected in both epithelial and non-epithelial tissues (Takeichi, 1988) . Murine EC and ES cells express E-cadherin consistent with their resemblance to the primitive ectoderm of the early mouse embryo (Takeichi, 1988) . Recent observations of primate and human ES cells suggest that the human EC cells from germ cell tumors do resemble human embryonic stem cells (Thompson et al., 1995) . Our observations of cadherin expression are consistent with this view.
On the other hand there are marked differences between human and mouse EC cells in their response to cell density. For example, mouse EC cells do not require high cell densities to maintain an EC phenotype and, indeed, such conditions tend to promote their differentiation, as in the formation of embryoid bodies (Jakob et al., 1973; Martin, 1980) . By contrast, in our experience, many human EC cells form hollow vesicles but without evidence of differentiation when forced to form clumps by growth in suspension (e.g. Andrews et al., 1980; 1984b) . The reasons for these differences between mouse and human EC cells are unclear, but they might indicate signi®cant differences in the mechanisms that regulate stem cell differentiation in the early embryo.
The one pluripotent human EC cell line that we examined, NTERA-2, presents a conundrum. NTERA-2 cells closely resemble other human EC cells in a variety of ways, including morphology and cell surface antigen expression, strongly suggesting a community of cell type (Andrews and Damjanov, 1994; Andrews et al., 1996) . Nevertheless, NTERA-2 cells expressed substantially lower levels of E-cadherin and higher levels of N-cadherin than the other human EC cell lines, which generally show little capacity to differentiate. The reason for this distinct pattern is unknown, although it could result from a random genetic change in these highly aneuploid cells (Andrews et al., 1984b) . The low E-cadherin expression could be pertinent either to the potential of NTERA-2 cells to differentiate or to the pattern of differentiation that they follow, once induced by retinoic acid or other agents or treatments. For instance, elimination of the E-cadherin gene by homologous recombination in murine ES cells leads to expression of Brachyury mRNA, a marker of mesoderm differentiation, which can be reversed by re-insertion and overexpression of E-cadherin (Larue et al., 1996) . On the other hand low expression of E-cadherin by NTERA-2 cells is evidently not suf®cient to cause their spontaneous differentiation, and Ca 21 dependent aggregation of these cells still occurs, perhaps mediated by P-or N-cadherin. Human EC cells typically differentiate to a limited extent when cultured under low cell density (Andrews et al., 1982; 1984b; Andrews and Damjanov, 1994) , but the nature of the signal that inhibits differentiation when cultured at high cell density remains obscure. Previous studies indicated that conditioned medium from high density cultures does not prevent low cell density differentiation, suggesting the requirement for a short range factor, perhaps dependent upon cell to cell contact (Andrews et al., 1982) . Culturing cells at a low Ca 21 -concentration was used as a tool to mimic the reduced cadherin-mediated cell to cell contact which occurs at low cell density. However, at low Ca 21 -concentration the cells showed no evidence of differentiation and retained expression of characteristic EC surface antigen markers. Thus, the present data do not support the involvement of a signal based upon cadherin dependent cell to cell adhesion in inhibiting differentiation. Clearly human EC cells possess other, non-cadherin dependent adhesion systems, and it may be that one of these is responsible for a short range inhibitory signal. One candidate is a Notchbased signaling system: several Notch genes are expressed by human EC cells (P. Gokhale, J. Walsh, P.W. Andrews, manuscript in preparation), and, in other systems, Notch genes are well known to mediate the inhibition of cell differentiation (Fleming et al., 1997) .
However, although growth in Ca 21 depleted medium did not appear to result in obvious cellular differentiation according to their pattern of cell surface antigen expression, it did affect the expression of cadherins and catenins, comparable to growth in low cell density cultures. Thus, reduced Ca 21 -concentration or low cell density conditions caused a decrease in P-cadherin and an increase in Ncadherin expression. The more pronounced loss of Pcadherin at low Ca 21 -concentration may be because this culture condition eliminates cadherin dependent cell to cell contact more effectively than low cell density (Hennings and Holbrook, 1983) . The absence of cadherincadherin interaction could thus be a trigger to induce a shift in the expression of P-cadherin to N-cadherin, although the exact mechanism remains unclear. Low cell density and low Ca 21 caused similar though minor shifts in a and b-catenin expression. By contrast PKG was eliminated under low Ca 21 conditions, which was not the case under low cell density conditions. Again, this may be because culture in low Ca 21 medium is more effective in reducing cell to cell contact than culture at low cell density. An important difference between b-catenin and PKG is that PKG associates with the cytoplasmic domains of both classical cadherins and desmosomal cadherins to participate in the assembly of desmosomes and adherens junctions whereas b-catenin binds to classical cadherins and to zonula occludens-1 to participate in adherens and tight junctions respectively (Gumbiner, 1996; Rajasekeran et al., 1996) . One possibility is that b-catenin is protected from down-regulation by binding to zonula occludens-1 when cultured at a reduced Ca 21 -concentration. We saw no evidence that inhibition of Ca 21 dependent cell adhesion would affect differentiation of NTERA-2 cells induced with retinoic acid. Nevertheless, retinoic acidinduced differentiation is marked by substantial changes in cadherin expression, notably down-regulation of P-cadherin and upregulation of N-cadherin. This is certainly consistent with the neural differentiation that is prominent in such cultures (Andrews, 1984) . It seems likely that the low level of N-cadherin expression also seen in unstimulated cultures either re¯ects a limited degree of spontaneous differentiation by some cells in the culture, or a generalised leaky' regulation of a gene that is subject to strong activa- Fig. 8 . The effect of culture conditions on the expression of E-, P-and Ncadherin by NTERA-2 cells. Cell lysates of NTERA-2 cells cultured under various conditions, normalised for total protein, were analyzed by western blot using antibodies to E-P-and N-cadherins: The cells were cultured for 7 days at high cell density (Lane 1), at low cell density (Lane 2), under reduced Ca 21 concentration (50 mM added CaCl 2 , Lane 3), in the presence of 7.5 mM LiCl (Lane 4), or in the presence of 10 mM RA (Lane 5). Fig. 9 . The effect of culture conditions on the expression of the catenins by NTERA-2 cells. Cell lysates of NTERA-2 cells cultured under various conditions, normalised for total protein, were analyzed by western blot using antibodies to a-catenin, b-catenin and PKG, the cells were cultured for 7 days at high cell density (Lane 1), at low cell density (Lane 2), under reduced Ca 21 concentration (50 mM added CaCl 2 Lane 3), in the presence of 7.5 mM LiCl (Lane 4), or in the presence of 10 mM RA (Lane 5). tion as part of a coordinated genetic program once differentiation is induced by retinoic acid. Since we do not generally observe spontaneous generation of neurons in NTERA-2 EC cultures, or cultures of such cells maintained at low cell density (Andrews, 1984; Andrews et al., 1984b ) the hypothesis of generalised low level expression of Ncadherin seems more likely.
To consider further the possibility that modulation of cytoplasmic proteins that interact with the cadherins could affect the behaviour of NTERA-2 EC cells, we investigated their response to lithium, which is known to inhibit the serine kinase, GSK-3b (Klein and Melton, 1996; Stambolic et al., 1996; Hedgepeth et al., 1997) . This kinase is responsible for phosphorylating b-catenin, with consequent effects on its cytoplasmic levels. Since the catenins are also associated with cadherin function, modulation of GSK-3b levels could also affect any cytoplasmic transduction of signals dependent on cadherin mediated cell to cell adhesion. Clearly in NTERA-2, lithium had effects that mimicked the effects of low cell density on both cell morphology and cell surface antigen expression, but in a markedly exaggerated way. On the other hand the effects of lithium on cadherin and catenin expression were at variance with the effects of culture at low cell density or in low Ca 21 , since Pcadherin was not down-regulated and some up-regulation of E-cadherin was evident.
One hypothesis to explain these results is that lithium inhibition of GSK-3b is mimicking the Wnt signalling pathway, as in other systems (He et al., 1995; Papkoff et al., 1996) , rather than perturbing a signalling function dependent upon cadherin mediated cell to cell adhesion. In some ways the lithium-induced cells resembled more closely those cells seen in small numbers, and associated in patches, in retinoic acid-treated cultures about 7 days after induction. These latter cells exhibit a large¯attened morphology and express SSEA-1, whereas they do not express SSEA-3, but continue to express TRA-1-60 (Fenderson et al., 1987) . These SSEA-1 positive cells do not express the A2B5 antigen, which is expressed by most other retinoic acid-induced cells at this stage. The nature of these SSEA-1 1 cells is unknown, although they are evidently distinct from the neurogenic lineage most prominent after retinoic acidinduction, and we have speculated that they are an in vitro counterpart to the prominent glandular structures seen in xenografts of NTERA-2 cells (Andrews et al., 1984b; Fenderson et al., 1987) . If the lithium-induced cells are indeed the same, one possibility is that they represent cells induced in retinoic acid-treated cultures by activation of the Wnt signalling pathway, Wnt-13 is expressed by retinoic acid-induced NTERA-2 cells, and members of thè Frizzled' family of Wnt receptor genes are expressed by NTERA-2 EC cells (Wakeman et al., 1997) . Since differentiation in culture systems is not synchronous, it is possible that Wnt-13, expressed by some early differentiating cells following retinoic acid-treatment, can act back on as yet undifferentiated EC cells, activating a distinct pathway of differentiation. That the cadherin pattern of lithium-induced cells did not correspond to that of retinoic acid induced cells as a whole (Fig. 8) is not surprising since the cells to which we propose they correspond (SSEA-1
constitute only a small fraction of the cells in retinoic acidinduced cultures.
Overall, our results point to the presence in human EC cells of active cadherin mediated cell adhesion systems, that are similar to those of murine EC and ES cells. Nevertheless, cadherin-mediated cell to cell adhesion does not seem to play a key role in the human system in maintaining an undifferentiated EC phenotype or in activating cell differentiation pathways. On the other hand it is also evident that signalling through the cadherin system can modulate expression of the cadherins themselves and there are clearly opportunities for this system to modulate the nature of differentiation once induced by other cues.
Experimental procedures
Antibodies
Monoclonal antibody against E-cadherin was obtained from Sigma (Clone DECMA-1, St Louis, MI), and monoclonal antibody against P-cadherin from transduction labs, (Lexington, KY). Monoclonal antibodies against Ncadherin, b-catenin and plakoglobin were kindly provided by Dr. Karen Knudsen (Lankenau Medical Research Centre, Wynnewood, PA). Anti-a-catenin antiserum was from Sigma, HRP-conjugated secondary antibodies from Santa Cruz Biotechnology (Santa Cruz, CA). The use of monoclonal antibodies against cell surface antigens pertinent to human EC cell differentiation, MC631 (anti-SSEA-3), MC480 (anti-SSEA-1), TRA-1-60, A2B5 and P3X63Ag8, has been described before (Andrews et al., 1996; Fenderson et al., 1987) .
Cell lines
Human embryonal carcinoma (EC) cells were maintained at 378C in Dulbecco's minimal essential medium (DMEM), supplemented with 10% fetal calf serum under a humidi®ed atmosphere of 10% CO 2 in air, as described previously (Andrews et al., 1982; 1984b) . The human EC cell lines used in this study were NTERA-2 (clone D1), 2102Ep cl 4D3, N2102Ep cl 2A6, 833KE, TERA-1 and 1777N-Rp met (Fogh and Trempe, 1975; Bronson et al., 1980; Andrews et al., 1982; 1984b; . Differentiation of NTERA-2 cells was induced by retinoic acid, as described previously (Andrews, 1984 .4) , 117 mM NaCl, 5.4 mM KCl, 0.3 mM Na 2 HPO 4 , 0.4 mM KH 2 PO 4 , 4.2 mM NaHCO 3 , 5.6 mM D-glucose) supplemented with 2 mM CaCl 2 . Next, the monolayer was incubated with 3 ml 0.005% type I trypsin (Sigma) in the same buffer for 2 min at 378C on a gyrator shaker at 80 rev./min. Cells were released by gently tapping the¯ask before adding 0.005% trypsin inhibitor (Sigma) and DNase I (50 units/ml, Boehringer Mannheim, Lewes, UK) in HBSS. Cells were washed and resuspended in icecold HBSS without Ca 21 , with 0.5% BSA and 100 units/ml DNase I. The cells were centrifuged again and then resuspended in 5 ml of the same buffer without DNase I. After centrifugation for 20 s at 25 £ g, to remove agglutinated cells, the suspended cells were diluted to 8 £ 10 5 cells/ml. Typically, 85±90% of the cells were viable in a Trypan blue exclusion test. Aggregation was performed at 378C, by shaking at 80 rev./min in 24-well plates previously coated with 1% BSA to prevent sticking of the cells to the wells. The reaction was initiated by adding 1 mM CaCl 2 to the wells. At successive time points aggregation was stopped by placing samples on ice to prevent further aggregation. Aggregation was quanti®ed by measuring the forward angle light scatter as an indication of the size of the particles on a FACS¯ow cyto¯uorimeter (Coulter Epics Elite, ESP), with a 150 mm ori®ce, in a 5 ml sample. Gates were set to measure the disappearance of single cells and the formation of aggregates separately. We noticed that prolonged exposure of EC cells to 1 mM Ca 21 resulted in a reduced forward scatter, which most probably re¯ect a decrease in cell size. To compensate for this shrinking the settings were slightly readjusted for every sample.
Immunoblotting
Cell monolayers were rinsed three times with ice-cold PBS supplemented with 2 mM CaCl 2 , and then incubated with lysis buffer (1% NP40, 1% DOC, 0.1 mM PMSF, 2 mM CaCl 2 in PBS; 1 ml/75 cm 2¯a sk) for 15 min at 48C. The resulting cell lysate was passed through a 21-gauge needle to shear the DNA and centrifuged for 30 min, at 15 000 £ g and 48C. After SDS polyacrylamide gel electrophoresis (20 mg of protein per lane determined using the BioRad detergent-compatible protein assay) (Laemmli, 1970) , proteins were electrophoretically transferred to a nitro-cellulose membrane with a pore size of 0.45 mm. To check for equal loading of the gel and for ef®cient blotting of the proteins, blots were coloured with PonceauS. The blots were blocked in a solution of 5% milk powder in PBS and 0.1% Tween (PBS-T) for 1 h at room temperature. Antibodies were also diluted in PBS-T with 5% milk powder. The blots were washed with PBS-T. First antibody concentrations were: E-cadherin; P-cadherin (1/500); N-cadherin (1/ 83); a-catenin (1/1000); b-catenin (1/300); PKG (1/50). Secondary antibody concentrations were,: anti-mousehorseradish peroxidase (HRP) conjugated (1/2000); antirabbit-HRP-conjugated (1/4000). To visualize antibody binding the blots were treated with ECL (Amersham, Little Chalfont, UK) and exposed to ®lm (Fuji medical X-ray ®lm, Tokyo, Japan). All materials for immunoblotting were obtained from Biorad Laboratories (Hercules, CA) unless indicated otherwise.
Flow cyto¯uorimetry
Cell surface antigen expression was determined by¯ow cyto¯uorimetry, using a Coulter Epics Elite, ESP, after reaction of the cells with monoclonal antibodies MC631 (anti-SSEA-3), MC480 (anti-SSEA-1), TRA-1-60 or A2B5 (1/5) antibody, as described previously (Andrews et al., 1982) . Antibody from the parent myeloma cell line P3X63Ag8 was routinely used as a negative control (Andrews et al., 1996) .
